Abstract. Small-mass-difference modifications to proteins are obscured in mass spectrometry by the natural abundance of stable isotopes such as 13 C that broaden the isotopic distribution of an intact protein. Using a ZipTip (Millipore, Billerica, MA, USA) to remove salt from proteins in preparation for high-resolution mass spectrometry, the theoretical isotopic distribution intensities calculated from the protein's empirical formula could be fit to experimentally acquired data and used to differentiate between multiple low-mass modifications to proteins. We could readily distinguish copper from zinc bound to a single-metal superoxide dismutase (SOD1) species; copper and zinc only differ by an average mass of 1.8 Da and have overlapping stable isotope patterns. In addition, proteins could be directly modified while bound to the ZipTip. For example, washing 11 mM S-methyl methanethiosulfonate over the ZipTip allowed the number of free cysteines on proteins to be detected as S-methyl adducts. Alternatively, washing with the sulfhydryl oxidant diamide could quickly reestablish disulfide bridges. Using these methods, we could resolve the relative contributions of copper and zinc binding, as well as disulfide reduction to intact SOD1 protein present from G100 μg of the lumbar spinal cord of a transgenic, SOD1 overexpressing mouse. Although techniques like ICP-MS can measure total metal in solution, this is the first method able to assess the metal-binding and sulfhydryl reduction of SOD1 at the individual subunit level and is applicable to many other proteins.
Introduction

M
any mass spectrometers in principle have sufficient resolution to distinguish 1-2 Da mass differences in intact proteins that result from small post-translational modifications such as disulfide bond formation [1] . However, the natural abundance of 13 C and other stable isotopes in proteins obscures such low mass modifications because the same number of protein ions are distributed over dozens of isotopic mass peaks [2, 3] . The intensities of the isotopic peaks can be predicted from the empirical formula of a protein with sufficient accuracy to distinguish even the addition of a single hydrogen atom [3] [4] [5] . Experimentally obtained intensities therefore contain a significant amount of information regarding the empirical formula of the molecule in question. Senko et al. used an experimental distribution based on a model amino acid, averagine, to assign the monoisotopic peak and empirical formula of myoglobin [3] . Assigning the oxidation status of a metal ion, a single Dalton mass change, has also been accomplished using isotopic distributions [6] . In this case, however, the authors only considered distributions that contained only one species. Green et al. [7] distinguished between two species differing by 1 Da by identifying the tallest peak via the calculation of a centroid of the isotopic distribution over 50 % of the maximum height. However, only using the top 50 % of a peak ignores the smaller isotope peaks of a protein distribution that are important for distinguishing overlapping isotopic species. The challenge then is whether the isotopic distributions of proteins could be used to quantify multiple, small-mass modifications to proteins isolated from biological tissues.
Our interest stems from the need to measure the metal content of the antioxidant protein copper, zinc superoxide dismutase (SOD1), a protein genetically linked to amyotrophic lateral sclerosis (ALS), from in vivo samples. We have previously shown that a C 4 -reversed phase ZipTip could be used to measure SOD1 from less than 100 μg of spinal cord from transgenic rats [8] . The ZipTip allowed salts and other contaminants that would otherwise interfere with mass spectrometry to be removed by washing with water. After washing, the ZipTip was mounted directly in-line with the solvent line leading to the electrospray interface of a Time-of-Flight (ToF) mass spectrometer and proteins were eluted with a low percentage of acetonitrile.
Although conditions for electrospray ionization could be made sufficiently gentle with the ZipTip method to keep metals bound to SOD1, a majority of the protein isolated from the spinal cord of transgenic animals was missing one metal [8] . The missing metal from SOD1 in these tissues could be either copper or zinc, whose average masses differ by only 1.8 Daltons. Our method using ToF mass spectrometry lacked the resolution to distinguish such overlapping species. Determining whether the remaining metal was copper or zinc in vivo is important because we have previously shown that copper-containing, zinc-deficient SOD1 is toxic to motor neurons [9] , but have no means of assaying zincdeficient SOD1 from transgenic animal model tissue.
The measurement of zinc-deficient SOD1 is further complicated because the protein has an unusually stable intrasubunit disulfide bond restraining the zinc-binding loop. Additionally, the disulfide is known to be partially reduced in transgenic SOD1 overexpressing animals [10] [11] [12] [13] [14] [15] . The extent of disulfide reduction in vivo is controversial because of differences in measurement methods between laboratories.
No method has been able to simultaneously determine which metals remain bound to disulfide-reduced versus oxidized SOD1 subunits in vivo. To address these issues, we adapted the ZipTip-based assay for use with a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer to accurately measure the isotopic intensity distributions of intact proteins. By matching the masses of the predicted isotope distribution calculated from SOD1's empirical formula to the experimental high-resolution mass spectrum, the intensities could distinguish the contributions that each metal ion makes to the experimental isotopic distribution of SOD1. Reduction of the disulfide bond was independently assessed by modifying reduced cysteines with S-methyl methanethiosulfonate (MMTS). The combination of these methods should be useful for probing multiple modifications to other proteins in addition to SOD1.
Methods
Mass Spectrometry Methods
Binding of recombinant or tissue-derived proteins to a ZipTip was an efficient and disposable means for removing salts and introducing proteins into an electrospray mass spectrometer [8] . In brief, a C4 ZipTip was prepared first by rinsing three times with acetonitrile and four times with water (10 μL each). Proteins were then adsorbed onto the tip by repeatedly drawing the sample solution through the ZipTip eight times with a pippetter, followed by six washes with water to remove salts. The ZipTip was directly inserted in-line between an isocratic HPLC pump and a microfilter leading to the electrospray source as previously described. Elution of SOD1 from the ZipTip is nearly complete after three minutes and successive scans over this interval are averaged together.
Proteins were detected using a LTQ-FT Ultra hybrid linear ion trap-Fourier transform ion cyclotron resonance mass spectrometer (Thermo, San Jose, CA, USA) with a Finnigan Ion Max API source configured for electrospray ionization (ESI) interface in positive ion mode. Measurements to determine the specific metals bound to the protein were accomplished in the ICR cell at a chosen resolution of 100,000 defined at 400m/z. Quantitation of total protein levels using bovine SOD1 as an internal standard, similar to the previous study [8] , used the linear ion trap (LTQ) mode.
The solvent used for the mass spectrometric experiments was 30 % acetonitrile, 70 % water and 100 μM formic acid, delivered at a flow rate of 20 μL/min from a single isocratic pump (Shimadzu, Kyoto, Japan). The solvent was degassed for 10 minutes with helium and was changed each week. HPLC-grade solvents were used for all mass spectrometer experiments. Water was obtained from Burdick and Jackson (Muskegon, MI, USA).
Protein Preparation
All chemicals were obtained from VWR unless otherwise noted. Chicken lysozyme, bovine ubiquitin, and MMTS were obtained from Sigma-Aldrich (St. Louis, MO, USA). Bovine SOD1 from erythrocytes was obtained from Sigma. Its concentration was determined spectrophotometrically at 258 nm (ε05150 M -1 cm -1 for the Cu,Zn SOD1 monomer). All SOD1 concentrations refer to the monomer concentration rather than dimer. Wild type and pseudo-wild type C111S human SOD1 expressed in Escherichia coli (hence referred to as recombinant SOD1) with coexpression of the copper chaperone for SOD1 (CCS) were used for developing many of the assays. C111S SOD1 is more stable than wildtype human SOD1 and was used here to verify the rapid modification of a single thiol was due to C111. The SOD1 protein was purified as described in Hayward et al. [16] , and the concentration was determined spectrophotometrically at 265 nm (ε 09200 M -1 cm -1 for the Cu,Zn containing monomer) [17] . Recombinant forms of human SOD1 were not acetylated on the N-terminus. To generate copper-or zinc-containing single metal SOD1 standards, both metals were stripped from Cu,Zn SOD1 by incubating the protein (91 mg/mL) in 50 mM acetate pH 3.7 with 1.5 mM EDTA. Once all metals were removed, copper-containing SOD1 was prepared by making multiple additions of 15 μM copper nitrate (atomic absorption standard, Sigma-Aldrich) in 10 mM potassium acetate at pH 4.15 plus 10 mM sodium chloride to the SOD1 in an Amicon Ultra 0.5 mL centrifugal filter with a 3 k MWCO. This was centrifuged for 10 minutes at 16,000 rcf after each addition. Zinc-containing SOD1 was prepared in a similar manner through multiple additions of 15 μM zinc chloride atomic absorption standard (Sigma-Aldrich), in 10 mM potassium acetate at pH 4.6 with 10 mM sodium chloride. The number of metal additions was determined by monitoring metal incorporation into SOD1 after each addition via mass spectrometry. All buffer solutions and water were run through a Chelex 100 (50-100 dry mesh, Sigma) column prior to use.
SOD1 was also measured from tissue samples of wildtype SOD1-overexpressing transgenic mice (B6SJL-Tg (SOD1)2Gur/J). In eukaryotic sources, SOD1 is acetylated on the amino-terminus, increasing the protein mass by 42.1 Da. All animal procedures and housing arrangements were approved by the Institutional Animal Care and Use Committee. Animals sacrificed for tissue harvest were placed under isofluorane anesthesia followed by pericardial perfusion with heparinized PBS and decapitation. Fresh spinal cord tissues from transgenic WT-SOD1 mice were extracted via dissection of euthanized animals and frozen at −80°C until use. Frozen necropsy punches taken from 1 mm thick spinal cord slices were thawed in 10 μl of 10 mM ammonium acetate, adjusted to pH 5.1 with acetic acid. The punch was centrifuged and the supernatant loaded on to a ZipTip.
Thiol Reduction Assays
Probing the oxidation status of free cysteines was done using MMTS, while the thiol oxidant diamide was used to ensure all disulfide bonds were oxidized. This served as a control for the experiments using MMTS to ensure all protein disulfide bonds were fully oxidized. MMTS modifies free thiols with a methylthiol group. Proteins were first adsorbed onto the ZipTip as above, rinsed once with 10 μL of 11 mM MMTS (a 1000-fold dilution of liquid MMTS) and then six times with distilled water. This short exposure time (G5 s) was sufficient to modify all free thiols in SOD1. In developing the MMTS assay for other proteins, internal disulfides in lysozyme were reduced by preincubation with 100 μM tris(2-carboxyethyl)phosphine (TCEP).
The ratio of 13 C incorporated into a protein can vary depending on the source of carbon in either the bacterial media for recombinant proteins or in the mouse diet for tissue samples, C on a PDZ Europa 20-20 isotope ratio mass spectrometer interfaced with a SerCon GSL elemental analyzer (SerCon, Crewe, UK). To determine % carbon, dry sample material was weighed to the nearest microgram on a Cahn microbalance prior to combustion. Liquid samples were pipetted onto an inert sorbant material (Chromosorb; SerCon, Crewe, UK). Samples were packaged in pressed tin capsules (Elemental Microanalysis, Devon, UK). The laboratory-working standard was NIST SRM1547 peach leaves (45.54 % C, δ 13 C VPDB −25.99). To correct for possible drift in the isotope ratio mass spectrometry (EA/IRMS) combination with time, drift correction standards of equal mass were run every 10 samples. Additional standards were run as well after every 10 samples. Stable isotope ratios were reported in delta notation as parts per thousand deviation from the international standard V-PDB. Typical precision for the SIRU 20-20 IRMS was G0.2 parts per thousand deviation for 13 C. These values were incorporated into the theoretical protein isotopic distribution calculations.
Data Analysis
Spectra were collected using Tune-Plus (Thermo, ver. 2.2) page of Xcalibur (Thermo, ver. 2.0.5) using the parameters Figure 2 . Effect of ion cell fill on the isotopic distribution of ubiquitin. (a) Bovine ubiquitin was fit with the program at ICR cell AGC settings from 3e5 to 5e6, demonstrating a systematic deviation from the expected distribution at ion fill levels below and above 5e5. (b) Ubiquitin fit at the optimal 5e5 ion fill. (c) Ubiquitin fit at 5e6 ion fill, showing the increased systematic deviation of residuals with overfilling given in Table 1 . In addition, the FTICR cell trapping potentials were also optimized during a continuous infusion of bovine SOD1 to further improve the theoretical fits to experimental isotopic distributions. Spectra were averaged over the three minutes that SOD1 eluted from the ZipTip using the Qual Browser (Thermo, ver. 2.0). The data were exported as text files containing two columns of m/z versus intensity to be analyzed by custom programs written in MatLab (available in Supplementary Materials). The baseline was subtracted and centroids calculated from the experimental data using programs provided in the Bioinformatics Toolbox of MatLab. The parent mass distribution of SOD1 was reconstructed by summing the spectral regions containing individual charge states of SOD1 multiplied by their charge after subtracting the number of hydrogen atoms corresponding to the charge state [19] . Bayesian deconvolution of the mass/charge spectra as previously used with our ToF measurements [8] was not necessary due to the clarity and high signal/noise ratio of the spectra.
Intensities of theoretical isotopic distributions were calculated for apo, copper-containing, zinc-containing and Cu,Zn SOD1 via the Rockwood algorithm [4, 5] using only the empirical formulas of the particular SOD1 mutant protein under investigation and the experimentally determined 13 C/ 12 C ratios. The theoretical isotopic distributions calculated for SOD1 were calculated for electrically neutral parent molecules, so a hydrogen ion was removed for each charge carried by the metal ions bound to SOD1. Two hydrogen atoms were subtracted for the reduction of the intra-molecular disulfide bond between C57 and C146. The theoretical spectra also were calculated with multiple additions when SOD1 was treated with the sulfhydrylmodifying agent MMTS.
Fitting of experimental to theoretical data was done in two steps. The predicted m/z centroids from the theoretical isotopic spectra were first matched to the closest m/z values for experimental centroid peaks for each charge state of SOD1 in the experimental spectra. The Levenberg-Marquardt fitting algorithm was then used to determine the optimal scaling of the normalized intensities of theoretical spectra with overlapping distributions to match experimentally measured centroid data. The fit was constrained to allow only positive intensities. Predicted isotope intensities less than 1 % were ignored in the fitting program. The scaling factors were summed over all observable charge states to determine the relative contribution of each species to the overall observed spectrum.
For clarity, the fits are shown as parent masses rather than as individual m/z peaks. The program also generates the fits for each m/z as well as the charge state distributions.
Results and Discussion
The ZipTip offers a simple, fast, and reliable method to isolate proteins in complex samples sufficiently free of interference to allow accurate measurement of the isotopic Figure 3 . C111S SOD1 single metal preparations. (a) C111S mutant SOD1 single-metal standard was prepared with only zinc (green fit) as described in the methods. (b) C111S mutant SOD1 single-metal standard was prepared with only copper (blue fit) as described in the methods. A small amount of residual zinc (green fit) was consistently present that we were unable to remove. (c) C111S mutant SOD1 single-metal standard prepared with only zinc (green) or only copper (blue) and then mixed to produce a 100 % mixture of 10 % zincdeficient and 90 % copper-deficient SOD1. The resulting fit to the theoretical isotope distributions found 12 %±2.9 % zinc-deficient SOD. Confidence intervals (95 %) are displayed as a colored, transparent range around the best fit line for each species distribution ( Figure 1a ). As illustrated with lysozyme, the isotopic intensities predicted from the empirical formula of lysozyme with four disulfide bonds accurately fit to the experimentally acquired isotope distribution (Figure 1b) . The experimental data for several small proteins could be fit with a root-mean square of 1 %-2 %. Such accuracy allowed low mass post-translational protein modifications to be resolved.
Controlling the number of ions in the FTICR proved to be important for accurately resolving the isotopic distribution and the ion fill needs optimization for each type of protein.
Increasing the ion fill beyond an empirically determined limit distorted the isotopic distribution as seen with ubiquitin (Figure 2a-c) . The upper limit likely results from space charge repulsion between protein ions that affects the course of the free-induction decay used to measure the mass to charge of protein ions [20, 21] . Overfilling of the ion cell causes the central isotopic peaks of the protein's distribution to become magnified, while the smaller peripheral peaks were deemphasized [22] . These deviations can be identified from a residual plot of the deviations (Figure 2c) . At lower ion fill levels, sensitivity diminished and the decreased signal-to-noise resulted in worse fitting to the predicted spectra. Consequently, the ion fill needed to be experimentally optimized for each type of protein, with smaller proteins generally fitting better with lower ion fills. In developing the Matlab programs to fit predicted isotopic distributions to experimental data, we customized the Rockwood algorithm [4, 5] for calculating isotopic intensity distributions to allow different abundances of isotopes to be included. The largest contribution to the isotopic distribution is the ratio of 13 C to 12 C incorporated into proteins, which can vary significantly in nature [18] . The major source of this variation results from different photosynthetic processes used to fix carbon dioxide. Due to compartmentalization of different steps of carbon fixation, plants such as corn that use the C4 pathway discriminate against the incorporation of 13 C less than plants relying entirely on the C3 Calvin cycle [23] . Proteins from animals fed diets enriched in corn can, therefore, have a significantly greater amount of 13 C incorporated, which can be observed in the spectra [24, 25] . These ratios can be independently measured by inductively coupled plasma mass spectrometry and incorporated in the calculation of the predicted spectra. The overall effect resulted in relatively small corrections of G1 % in the RMS for the fitted plots.
The isotopic distributions of copper and zinc add considerable complexity to the spectrum of SOD1 and are challenging to resolve because copper and zinc are neighbors on the periodic chart. Yet distinguishing how much copper can be lost compared to zinc from SOD1 in vivo is crucial for understanding how this enzyme malfunctions to cause motor neuron death in ALS. For the metal-binding SOD1 proteins, one hydrogen ion was subtracted from the empirical formula to account for each charge on each metal ion. Copper-deficient and zinc-deficient SOD1 standards were used to validate the fitting program's ability to differentiate between copper and zinc in a one-metal peak (Figure 3a-c) . C111S SOD1 prepared with only zinc fit as almost exclusively zinc-containing SOD1 (Figure 3a) . C111S SOD1 prepared with only copper fit as mostly copper-containing SOD1 with a small amount of residual zinc-containing SOD1 (Figure 3b) .
These two single-metal standards, when combined to defined concentrations of 100 nM copper-containing SOD1 and 900 nM zinc-containing SOD1, produced an isotopic distribution that was fit containing 12 % copper (±2.9 %) and 88 % (±3.2 %) zinc (Figure 3c) . However, an additional potential confounding factor is the reduction of copper from Cu 2+ to Cu 1+ that is the key event in the standard catalytic cycle of SOD1. Reduction of iron by one electron has been observed for iron-containing heme proteins in the gas phase [26] . Copper reduction will increase the apparent mass of SOD1 containing the two stable Zn isotope (28 % abundance). Hence, the deconvoluted spectrum of reduced zinc-deficient copper-containing SOD1 will significantly overlap with that of SOD1s containing the two predominant zinc isotopes and will underestimate the amount of copper-containing SOD1. Fortunately, this issue appears to be minor in practice because reduction of copper in purified zinc-deficient SOD1 during electrospray ionization was not observed in any of our zinc-deficient SOD1 standards. Experiments with chemically reduced, purified zinc-deficient SOD1 also appeared to be completely oxidized in the mass spectrometer. This is consistent with copper being more exposed in zincdeficient SOD and susceptible to being oxidized during the electrospray ionization process.
The copper in Cu,Zn SOD1 is far less accessible and in contrast to zinc-deficient SOD1 becomes partially reduced during ionization. The observed spectrum for Cu,Zn SOD1 could only be reasonably fit by assuming a fraction of the copper was reduced. These fits typically found that 20 %-50 % of Cu,Zn SOD1 was reduced. The reduction happened during the ionization process, because it was observed with both purified bovine and human SOD1 that were fully oxidized. These purified SOD1s were confirmed to be fully oxidized before introduction into the mass spectrometer from measuring the cuprous d-d* band, which maximally absorbs at 680 nm. Reduced SOD1 has no absorbance at this wavelength. Chemically reduced purified Cu,Zn SOD1 also appeared to be a mixture of reduced and oxidized SOD. These results might be explained by the oxidation of formate within the steel electrospray needle to formate radical, which in turn will reduce oxygen to superoxide. The superoxide produced would result in a rapid reduction of oxidized SOD1 as well as oxidation of reduced SOD1 to produce the mixture of reduced and oxidized Cu,Zn SOD1 observed.
A further challenge to resolve is the potential reduction of the disulfide bond of SOD1, which is known to occur in SOD1 transgenic mice [11] . When the intramolecular disulfide bond of SOD1 is reduced the protein mass is increased by 2 Da, complicating the measurement of copper versus zinc bound to SOD1. We found that disulfide bonds could be quickly reoxidized by a brief treatment with the thiol oxidant diamide. With the ambiguity of disulfide reduction eliminated, the fitting program could easily parse zinc from copper bound to SOD1. A separate assay was developed to directly assess whether disulfide bonds were reduced by using thiol modifying agents to react with cysteine. The majority of thiol modifying agents, including iodoacetamide, iodoacetic acid, vinyl pyridine, and several maleimides, reacted too slowly to be useful in the present assay. In addition, many modifiers introduced adducts whose mass overlapped with other metal-binding states of SOD1. We found that MMTS, in contrast, was particularly well suited to modify free thiols of proteins bound on the ZipTip. Each MMTS added -SCH 3 (47.1 Da) to each free thiol within seconds of exposure. Hence, modification of the reduced disulfide bond increased a protein mass by 94.2 Da relative to those with an oxidized disulfide bond, allowing disulfide-reduced proteins to be clearly resolved from those with intact disulfide bridges.
Lysozyme contains four disulfide bonds and does not bind metals like SOD1, making it a convenient molecule for perturbing disulfide bond status and validating MMTS for use as a probe for free thiols. Using TCEP to reduce disulfides in lysozyme, MMTS was utilized to monitor the formation of free thiols over time (Figure 4) . A 100 mM concentration of TCEP was sufficient to fully reduce one disulfide bond (Figure 4b ) and partially reduce a second, leading to a majority of the protein modified with 2 MMTS molecules and a small population modified with 4 MMTS.
When treated with MMTS, purified SOD1 bound one methyl thiol group immediately, which was most likely due to modification of cysteine residue 111. The modification did not occur using the pseudo-wild type SOD1 containing the mutation of cysteine 111 to serine. One caveat with MMTS is that the methyl thiol adduct is the intermediate formation of a mixed disulfide and might exchange with a neighboring cysteine to reoxidize the disulfide bridge [27] . This was minimized by using a high concentration of MMTS (11 mM) to modify all free thiols within seconds.
The diamide and MMTS assays were used to measure disulfide reduction in human SOD1 measured from a 100 μg punch of SOD1-overexpressing mouse spinal cord. The measurement from tissues was previously described using tissue from transgenic rats [8] . In mouse, the one-metal SOD1 comprised almost 60 % of total SOD1 while roughly 35 % of the SOD1 contained both copper and zinc ( Figure 5 ). Apo SOD1 represented less than 5 % of the total SOD1. The one-metal peak fit entirely as zinc-containing SOD1 with no copper present. Without diamide present, the one-metal SOD1 peak showed a systematic shift to a slightly higher mass, consistent with a population containing a reduced disulfide bond. Modification with MMTS revealed about 28 % of the one-metal SOD1 contained a reduced disulfide bond (not shown). In the presence of diamide, the contribution of the higher mass component was absent, consistent with oxidation of the disulfide bond.
The sensitivity of the ZipTip assay allowed isotopicallyresolved SOD1 mass spectra to be measured from 400 motor neurons captured from frozen sections of SOD1-transgenic spinal cord using a Zeiss (Jena, Germany) PALM MicroBeam IV laser capture microdissection system ( Figure 6 ).
Conclusions
The accuracy of isotopically-resolved protein mass data offers a means to measure overlapping non-covalent protein post-translational modifications. The method is exquisitely sensitive, allowing us to measure metal contents of SOD1 from even a few hundred cells collected by laser capture microdissection. The quantification of post-translational modifications was also facilitated by the ZipTip, which allows bound proteins to be probed with classic biochemical protein modifying reagents to examine thiol oxidation and could be extended to measure other modifications. The thiol modification assays have proven to be extremely useful in assessing the correct formation of disulfides in other recombinant proteins as large as 25-30 kDa.
